a Selenoproteins play important roles in antioxidant mechanisms, and are thus hypothesised to have some involvement in the pathology of certain types of dementia. Mild cognitive impairment (MCI) and Alzheimer's disease (AD) are both thought to involve impaired biological activity of certain selenoproteins.
Introduction
Despite significant research, strategies to slow the progression of cognitive decline and the onset of dementia are lacking. It is estimated that the number of people living with dementia, such as Alzheimer's disease which accounts as the main type, will reach 65.7 million in 2030 and nearly double in 2050. 1 Addressing dementia prior to the onset of clinical symptoms is as important as the development of therapeutics for postdiagnostic use. Several risk factors linked to lifestyle have been identified, which include dietary-related conditions such as midlife obesity, diabetes and hypertension, and if they were to be reduced by 10-25%, 1.1-3.0 million new AD cases worldwide could be prevented. 2 Accordingly, more attention is being paid to the role that nutrition plays in the progression of AD and dementia in general. 3, 4 However, as is the case in developing new therapies, diagnosing dementia in its early stages remains a significant obstacle in identifying beneficial nutritional habits that may reduce the aforementioned risks. Although some people do not exhibit the explicit clinical symptoms of dementia, they may develop cognitive impairment beyond what would be expected for normal ageing. This condition, mild cognitive impairment (MCI), is associated with an increased risk of dementia and particularly AD, as brains of MCI patients exhibit many pathological features mirroring those of AD subjects. 5 There is a high degree of heritability for AD with estimates ranging from 58 to 79%, 6 with a number of genetic risk factors shared with MCI. 7 Single nucleotide polymorphisms (SNPs) in amyloid precursor protein (APP) and presenilin-1 (PSEN1) and 2 (PSEN2) genes have been implicated in the predisposition of early-onset familial AD; [8] [9] [10] [11] and SNPs in the genes encoding apolipoprotein E (APOE) and α 2 -macroglobulin (A2M) are associated with late-onset AD. 12, 13 Genome wide association studies (GWAS) have identified several additional genes that appear to predict AD susceptibility, 14 and the biological pathways in which they participate support several hypotheses regarding upstream AD pathology, including chronic inflammation, lipid transport and β-amyloid processing. Considering that oxidative stress has a central role in neurodegeneration, cognitive decline and AD in particular, it is important to understand the role of SNPs involved with antioxidant enzymes. Selenium (Se) is an essential element in the central nervous system and deficiency has been associated with cognitive decline. [15] [16] [17] Selenium deficiency may be compounded by SNPs in genes encoding selenoproteins and negatively influence the normally protective roles against oxidative stress played by many of the 25 identified Se-containing proteins.
18-20 Jablonska et al. 21 and Cominetti et al.
22
suggested that the SNP Pro198Leu (reference SNP identification number rs1050450) in the glutathione peroxidase 1 (GPX1) gene might affect the antioxidant activity. Additionally, a differential correlation between erythrocyte GPx activity and erythrocyte Se levels according to Pro198Leu genotype has been observed, 23 and Paz-Y-Miño et al. 24 reported an association between the variant allele and increased risk for AD. The gene encoding selenoprotein P (SEPP) has several known SNPs, of which rs7579 (G/A substitution in the 3′-untranslated region) and rs3877899 were reported to have functional consequences on both the protein level and function. [25] [26] [27] [28] Brazil nuts (Bertholletia excelsa) are the richest food source of Se, and inclusion of this nut in the diet may be a viable strategy to increase dietary intake of Se. The high Se content in Brazil nuts is mainly as selenomethionine, the most bioavailable form of dietary Se. 29 Sufficient Se intake and associated Se levels may be related to a decreased risk for AD. [30] [31] [32] However, the aforementioned SNPs in genes encoding selenoproteins may influence the response to a dietary intervention, 33 and thus, it is critical to understand the interaction between Se intake and genetic variation in selenoprotein homeostasis. The aims of this study were to evaluate the implications of GPX1 rs1050450 and SEPP rs7579 and rs3877899 SNPs on Se status and oxidative stress biomarkers in MCI patients, and to determine if these SNPs affect the response to supplemental Se intake from Brazil nuts.
Experimental

Study design
All procedures followed in this study have been performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments. To investigate if the SNPs influenced the response to daily Brazil nut intake, we examined a randomised subgroup with 11 participants who consumed one Brazil nut daily for 6 months, as described elsewhere. 32 The nuts were offered every 2 months in a bag containing 60 nuts. Compliance was monitored by counting the number of nuts returned at the conclusion of the study. A subject was considered compliant if ≥85% of the Brazil nuts were consumed. All subjects were instructed to maintain their normal diet and to avoid additional Brazil nuts during the study. The nutritional information of Brazil nuts used is given in Selenium levels in plasma and erythrocytes were analysed using hydride generation atomic absorption spectroscopy (AAS). 38 Samples were prepared in duplicate and measurements were made in triplicate, equaling six readings per person. Method validity was maintained by a measured Se recovery of at least 85% of the certified content of a lyophilised human reference control (Seronorm Trace Elements Serum and Whole Blood; Sero AS, Billingstad, Norway).
Genotyping of the rs1050450, rs7579 and rs3877899 SNPs
Isolation of DNA from whole blood was carried out using a PureLink Genomic DNA kit (Invitrogen, Life Technologies Inc., Carlsbad, CA, USA), and the concentration was measured using a NanoDrop ND 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Polymorphisms of GPX1 (rs1050450) and SEPP (rs7579 and rs3877899) genes were determined by real-time polymerase chain reaction (RT-PCR) with TaqMan SNP Genotyping assays (Life Technologies, Foster City, CA, USA). The assays were obtained as pre-designed from Applied Biosystems for rs7579 and rs3877899 (ID Assays C___8806056_10 and C___2841533_10, respectively) and custom-made through Custom TaqMan® Genomic Assays service for rs1050450. The RT-PCR reaction contained 12.5 µL of 1× TaqMan Genotyping Master Mix (Life Technologies), 1.25 µL of the 20× SNP Genotyping Assay (Life Technologies) and 20 ng of genomic DNA in a 20 μL total reaction volume.
Samples were assayed along with no-template and HapMap controls and run on a StepOne Real-Time PCR System under the following conditions: an initial enzyme activation step at 94°C for 10 min followed by 40 cycles at 92°C for 15 s and 60°C for 1 min for annealing and extension.
GPX1 and SEPP gene expression GPX1 and SEPP gene expression were assessed in the subgroup composed of 11 participants who consumed Brazil nuts in order to evaluate their effect. mRNA was extracted from whole blood by using the RiboPure™ -Blood Kit (Life Technologies) and treated with DNase I to avoid DNA contamination. RNA was stored under −80°C for further analysis. The final concentration was measured using a NanoDrop ND 1000 spectrophotometer (Thermo Scientific), and RNA integrity was considered acceptable when the absorbance ratios in 260 and 280 nm wavelengths were between 1.8 and 2. SuperScript® III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA, Cat #18080093) was used for reverse transcription, and the cDNA was adjusted to a concentration of 20 ng µL −1 in a final volume of 20 µL.
Analysis of GPX1 and SEPP mRNA expression was carried out for each sample by real-time quantitative PCR (qPCR) assay on a StepOne Real-Time PCR System using specific hydrolysis probes (TaqMan® Gene Expression Assays -ID Assays Hs00829989_gH and Hs01032845_m1, respectively for GPX1 and SEPP) (Life Technologies). The qPCR were performed in duplicate and the samples contained 4 µL of cDNA, 10 µL of TaqMan® Universal Master Mix II (Life Technologies), 1 µL of the 20× TaqMan® Gene Expression Assay and 5 µL of RNasefree water in a 20 µL final volume. β-Actin was used as a reference gene as its expression was very stable among participants. A non-template (without cDNA) reaction was included with each qPCR run to serve as a negative control. The cycling qPCR for each sample started with a denaturation step at 50°C for 2 min, followed by 45 cycles at 95°C for 15 s, and 1 min at 60°C for hybridisation and extension.
To evaluate the differential expression of GPX1 and SEPP among different genotypes for rs1050450, rs7579 and rs3877899, the ΔCq was normalised to the internal control gene β-actin, and so the results are expressed by [Cq target gene − Cq reference gene].
Assessment of selenium intake
Selenium intake was evaluated using a 3-day (2 weekdays and 1 weekend day) non-consecutive dietary food record. The selenium content in the diet was based on the levels determined by Ferreira et al. 39 from the analysis of Se concentrations in Brazilian foods. These records were analysed using the NutWin Software (Escola Paulista de Medicina/UNIFESP/ Brazil).
Statistical analysis
Individuals who scored homozygous and heterozygous for allele variants were pooled and compared against wild types for all statistical analyses. Descriptive statistical analysis was performed, and all continuous variables are expressed as mean ± standard deviation (SD). Categorical variables were expressed using both a number and percentage. Variable distribution was evaluated using the Shapiro-Wilk W test. Allele frequencies were estimated using the gene-counting method. Differences between genotypes were assessed using Student's t-test for independent samples. Hierarchical multiple linear regression analysis was used to examine the association between Se status and genotypes for rs1050450, rs7579 and rs3877899 while controlling the other potentially confounding variables. Consequently, we designed models in which the genotype was used as the primary independent variable and plasma and erythrocyte Se levels were alternately used as the dependent variable. Covariates were entered in three sequential steps to examine their incremental validity: in the first step, the genotype was entered without covariates; in the second step, age and sex were entered; in the third step, Se intake was assessed. To evaluate the association between the genotype and oxidative stress parameters for the SNPs, ORAC, MDA and GPx activity were used alternately as dependent variables in discrete regression models. In these models, genotypes were also used as the primary independent variables, and covariates were entered as follows: (i) genotype without covariates; (ii) erythrocyte Se; and (iii) socio-demographic variables (sex and age) entered as a block. Pearson's correlation coefficient was used to estimate the correlation between GPx activity and the Se level in erythrocytes.
To describe the relationship between aspects of food consumption and biochemical characteristics independent of energy intake, Se intake was adjusted by energy intake according to Willet 40 using linear regression (linear regression of nutrient intake on total caloric intake) and the addition of a constant (mean energy intake of the group).
The post-supplementation data were compared with the baseline data using a paired Student's t-test or Wilcoxon test as appropriate. The differences in the outcome measures between genotype groups over time were analysed using an independent sample Student's t-test when the data presented normal distribution or were continuous. Alternatively, a Mann-Whitney U-test for non-parametric variables was conducted.
All statistical analyses were performed using the Statistical Package for the Social Sciences software Version 20.0 for Windows (SPSS, Chicago, IL, USA), and a p value <0.05 was considered to be statistically significant. Figures displaying statistical analysis were produced using Prism 6 (GraphPad, La Jolla, CA, USA).
Results
Twenty participants fulfilled the aforementioned criteria and were included in this study. The mean age was 77.7 ± 5.3 (range = 70.0-92.0) years, and 30% were male. These characteristics of study population were not different among genotype groups. Genotype distribution and variant allele frequencies for the GPX1 rs1050450, SEPP rs7579 and SEPP rs3877899 polymorphisms are shown in Table 2 . The selenium status and intake, GPx activity, ORAC and MDA levels on the baseline for all genotypes are shown in Table 3 . No significant differences were observed regarding biochemical parameters among different genotypes.
Linear regression models suggest that the presence of one or two variant alleles (CT or TT genotypes) for GPX1 rs1050450 was associated with higher Se plasma levels (+0.613 μg L −1 SD per allele; p < 0.05). The rs7579 and rs3877899 polymorphisms were not associated with the Se status, and none of the evaluated genotypes showed associations with changes in either MDA or ORAC oxidative stress markers. In contrast, age was associated with lower GPx activity when adjusted by genotype, sex and erythrocyte Se levels (β coefficient = −0.403, −0.449, −0.452, respectively for rs1050450, rs7579 and rs3877899). Although a t-test revealed higher Se intake in T-allele carriers (rs1050450), regression models showed no influence of Se intake on the measured biochemical parameters. The correlation between GPx activity and erythrocyte Se concentration varied among the tested genotypes. For the GPX1 genotypes, this correlation was observed only in CC genotypes (r = 0.803, p < 0.05), but not in T-allele carriers (r = 0.531, p = 0.08). The same pattern of correlation was verified in subjects carrying the GG genotype regarding SEPP rs3877899 (r = 0.645, p < 0.05) in contrast to the GA individuals (r = 0.568, p = 0.14). When the correlation between GPx activity and erythrocyte Se content was analysed according to rs7579 genotype groups, we observed significance only for the GA + AA genotypes (r = 0.939, p < 0.001).
Among the 20 participants of the study, 11 were randomly assigned to receive one Brazil nut daily for six months. We reported previously that the intake of this nut increased GPx activity with a corresponding elevation in plasma and erythrocyte Se levels, while not influencing the levels of ORAC and MDA. 32 In this experimental group, we found that: (i) according to genotypes before and after baseline measurement, we observed highly significant post-supplementation differences compared to pre-treatment for Se-related variables (blood Se and GPx activity); and (ii) an intragroup (between genotypes) comparison demonstrates that the genotype does not influence these variables (Table 4) . However, we observed that GPX1 and SEPP mRNA expression in response to Brazil nut intake was different among genotypes. In carriers of a variant allele (CT + TT) for rs1050450, GPX1 and SEPP mRNA expression increased over time and no significant differences were observed for CC carriers. SEPP mRNA expression also increased after treatment in A-carriers for rs7579 and GG genotype for rs3877899. On the other hand, GPX1 mRNA expression reduced significantly in A-carriers for rs7579 and GG carriers of rs3877899 (Fig. 1) .
Discussion
This pilot study is the first to analyse the association between the Se status and oxidative stress markers in MCI patients with respect to selenoprotein SNPs. We hypothesised that the GPX1 rs1050450 and SEPP rs7579 and rs3877899 polymorphisms would influence Se parameters and oxidative stress biomarkers in these patients, as well as the response to Se intake via Brazil nuts.
The rs1050450 polymorphism has been associated with an increased risk for AD, 24 although the precise mechanism by which this SNP influences AD and MCI pathogenesis is unclear. Here, we observed that none of the GPX1 genotype groups had different plasma and erythrocyte Se levels; however, in fully adjusted logistic regression models the presence of T allele of GPX1 was associated with higher plasma Se. These results suggest that this SNP might affect the way in which the body metabolises and utilises Se, although they contrast with previous studies that did not observe differences in the Se status as a result of the Pro198Leu polymorphism. 22, 23 As observed in other studies, [41] [42] [43] [44] oxidative stress parameters were not affected by Pro198Leu genotypes. However, studies have associated the presence of the T allele with decreased GPx activity, 27,45-47 and we observed that T carriers had 20% lower
GPx activity in comparison with the CC genotype, although this difference was not statistically significant. Moreover, the correlation between GPx activity and erythrocyte Se concentration was significant only in TT genotypes, which allow us to hypothesise that post-transcription regulation might be occurring due to Pro198Leu genotypes. Studies have shown that GPx activity may plateau over certain Se levels. 47 However, we observed a positive correlation between erythrocyte GPx activity and erythrocyte Se level only in CC genotype, suggesting that the GPx activity plateau varies according to the genotype. Considering the known association between decreased GPx activity in AD, 18 these data suggest that, at least in MCI patients, the ability of the body to uptake Se and incorporate it into selenoproteins is influenced by the Pro198Leu genotype, which may explain the findings of Paz-y-Miño et al., 24 who reported an association between T allele and the risk of AD. This further supports a potential role for GPx in cognitive decline and the benefits of Se supplementation. Further investigation is required to confirm the effects of Pro198Leu on Se metabolism and requirements. The SEPP polymorphism rs7579 is located in a region corresponding to the 3′-UTR, 26 where a UGA codon is read as a selenocysteine (Sec) codon during selenoprotein synthesis. 48 This SNP may alter the efficiency of Sec incorporation into SePP. 49 The rs3877899 polymorphism is located in the coding region of the SEPP gene and may regulate the stability of SePP protein and cellular Se uptake. 26 In our study, the rs7579 and rs3877899 SNPs neither influenced the Se status, nor oxidative stress parameters, although both have been associated with a change in the proportion of 50-and 60-kDa SePP isoforms in plasma, which may affect Se supply for the synthesis of different selenoproteins, including antioxidant enzymes, in different tissues. 26 As oxidative stress has a central role in neurodegeneration and cognitive decline, inclusion of foods with antioxidant characteristics may be a worthwhile strategy to improve antioxidant capacity and reduce the risk of dementia with no otherwise ill-effects. Brazil nuts are unique due to their high Se content 50, 51 and potentially beneficial phenolic compounds. 52 Following our previous evidence that regular Brazil nuts intake increased Se levels in MCI patients, 32 we observed here that GPX1 or SEPP genotypes did not influence biomarkers of Se status. However, we did observe that the change in GPX1 and SEPP expression over time was not equivalent across genotype groups. Carriers of T-allele of Pro198Leu were more responsive to Brazil nuts intake regarding the increment of GPX1 and SEPP mRNA expression. Moreover, although not significant, we observed that CT + TT genotypes for Pro198Leu had higher GPx activity over time in comparison with the CC genotype. Taking together, these observations build up the hypothesis that Pro198Leu genotypes should be considered in studies that assess both the selenium nutritional status and the effect of selenium intake. The rs7579 and rs3877899 SNPs in SEPP gene also resulted in different changes on mRNA expression over time: a-allele of rs7579 was associated with decreased GPX1 and increased SEPP mRNA expression over time, and the same variation was observed for the GG genotype of rs3877899. Previous studies have shown that Se supplementation increased GPX1 [53] [54] [55] [56] [57] and SEPP 49, 53, 56, 57 expression. However, we highlight that these studies assessed gene expression in enterocytes and hepatocytes in cell cultures and in vivo animal studies, and did not consider genotypes. Thus, we emphasise the need for more studies to understand the as-yet unknown mechanisms that possibly interact during selenoprotein synthesis, as changes in SePP synthesis can affect not only the function of the protein itself but also other selenoproteins that are involved in selenium hierarchy. 33 Different environmental characteristics can be related to Se status and metabolism. 58 In our study, age was negatively correlated with GPx activity, but not with the Se status, corroborating the results of Maurya et al. 59 and contrasting those of Ferguson et al. 47 The real association between age and selenoprotein metabolism should be further investigated, because it is hypothesised that GPx variation with age could be due to variability of Se availability. 60 Body mass index can also affect Se metabolism, as obese people with the GG genotype are more responsive to Se supplementation. 26 In our study, no differences in body mass index (BMI) were observed between groups ( p = 0.107), and only one participant presented a BMI > 30, which precluded such analysis. It was not possible to see the effect of sex on biochemical parameters due to the small size of this pilot study. It is also important to note that multiple variants in selenoprotein genes and in the genes of other antioxidant enzymes may act synergistically to generate a different downstream response; as a result, the effects of a given SNP may be altered by SNPs in other genes. 33 Therefore, larger studies building on our pilot data that examine SNPs Table 4 Selenium status, GPx activity and MDA levels of the GPX1 and SEPP genes at the baseline and after 6 months of treatment based on the participants' genotypes for the GPX1 rs1050450 and the SEPP rs7579 and rs3877899 gene polymorphisms (n = 11). Pre = pre-treatment; post = post-treatment Pre ± SD Post ± SD Change (95% CI) in selenoprotein genes and other genes in relationship to different environmental and dietary factors will be invaluable.
Conclusions
Our findings suggest that the GPX1 rs1050450 polymorphism may influence Se status and selenoprotein synthesis, although it did not affect the direct response to Brazil nut intake with respect to Se levels, as well as observed in rs7579 and rs3877899 genotypes. However, we found that both GPX1 and SEPP expression in response to Brazil nut intake was affected by rs1050450, rs7579 and rs3877899 genotypes. This pilot data justifies a need for further studies to better understand the effects of these SNPs in response to dietary Se and determine the mechanism by which Se slows cognitive decline, and thus we aim to enlarge the sample size and generate more data moving forward.
Notes and references Fig. 1 Effects of dietary consumption of Brazil nuts on GPX1 and SEPP mRNA expression based on the participants' (a) rs1050450 (Pro198Leu), (b) rs7579 and (c) rs3877899 genotypes, shown as box-and-whisker plots. Line = median; + = mean. *p < 0.05; **p < 0.01; Student's t-test.
